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ABSTRACT
Nanotechnology has become an advanced tool for manufacturing materials of the future.
As the size of a material is reduced to a nanoscale, its surface area to volume ratio increases
drastically, and its surface property becomes size dependent. This allows scientists to make use
of unique properties that nanomaterials have to offer to create novel materials that otherwise
could not have been achieved in meter-scale materials. As more industrial companies have
planned to incorporate different types of nanomaterials into their products, it is undeniable that
some of these nanomaterials will be released to the environment. Such possibility has led to a
controversial discussion concerning the impacts of nanoparticles to the environment among the
public.
Stable nanoparticles are usually synthesized and stored under a strictly controlled
condition. When nanoparticles are released in uncontrollable conditions such as the environment,
they are very likely to become destabilized and form aggregates. Heteroaggregates are
aggregates that contain two or more nanoparticle species. Synthetic nanoparticles released from
manufacturing sites have a high chance of encountering naturally occurring colloids and forming
heteroaggregates. However, predicting the fate of heteroaggregation in the environment remains
puzzling due to the large variety of possible combinations of different types of nanoparticles.
Most of the nanoparticles currently used in industry are inorganic, which often are
hazardous. In recent years, researchers have been trying to utilize biocompatible materials to
synthesize green nanoparticles with the hope of creating safer novel nanomaterials. Lignin and
zein nanoparticles are environmentally friendly nanomaterials; thus, they serve as ideal
alternatives. Nevertheless, a detailed investigation exploring their stabilities and aggregation
behaviors must be conducted before integrating them into an industrial-scale production. In this
iv

work, heteroaggregation of lignin and zein nanoparticles is studied. The results indicate that pH,
relative size, and concentration of particles of each species directly influence the formation and
structure of the heteroaggregates. The effects of heteroaggregation on an oil-water interface is
also investigated. Large aggregates are found to produce a stable interface due to the formation
of an interfacial film.
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CHAPTER 1: INTRODUCTION
1.1. Nanoparticles and Heteroaggregation
The history of nanoparticles can be traced back to the fourth century, when the Romans
unintentionally made use of glass containing nanomaterials to create Lycurgas cup (Bayda et al.,
2020). The cup appears to have green or red color depending on how light interacts with the cup.
Modern scientists analyzed the materials of the cup and found that its glass matrix contained
gold and silver nanoparticles in the size range of 50 – 100 nm, which explains the origin of the
Lycurgas cup dual color property through light scattering of nanoparticles of different sizes.
Now, nanotechnology has progressed to many research areas with promising practical
applications in medicine and advanced materials. For example, nanosensors have been developed
for detecting specific compounds for medical and biological purposes such as nitric acid in
patients with osteoarthritis (Jin et al., 2017) and tetracycline in super drug-resistant pathogens
(Jia et al., 2021). Deep understanding in nanoparticle stability from fundamental standpoints is
key to successful designs of nanomaterials.
Zeta potential is a common parameter that provides meaningful insights to particle
stability (Bhattacharjee, 2016). When a particle suspends in a fluid medium, its surface potential
is difficult to evaluate due to the particle’s surface interaction with surrounding ions in the fluid
environment. To overcome this challenge, zeta potential (ζ) is measured in place of surface
potential. Zeta potential measures an electrical potential of a particle at the slipping plane. A
slipping plane is the interfacial region where stationary ions and mobile ions coincide. As soon
as a particle is introduced to a fluid environment, it attracts surrounding oppositely charged ions
to tightly bind to its surface creating a stationary layer of ions called a stern layer. This stern
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layer further attracts other positively and negatively charged ions forming a loosely bound layer
of ions called a diffuse layer, and next to this layer is where mobile ions in the continuous
medium exist. The formation of the stern and diffuse layers creates an electrical double layer,
which is the main mechanism that sustains particle stability in an aqueous solvent and keeps the
system free of aggregation. Charges located inside the slipping plane travel with the particle as
one entity, whereas charges that reside beyond the slipping plane can freely migrate within the
medium.
The magnitude of zeta potential can be utilized to predict stability of a dispersed system
(Bhattacharjee, 2016). In general, -30 mV ≥ ζ ≥ 30 mV indicates that the system is dominated by
electrostatic repulsive force and, hence, stable. On the contrary, van der Waals attractive force
may govern the system when -30 mV ≤ ζ ≤ 30 mV, which can plausibly lead to the formation of
aggregates.
A mathematical model for evaluating colloid stability is famously known as DLVO
theory, named after Derjaguin, Landau, Vewery, and Overbeek (Trefalt & Borkovec, 2014).
Both electrostatic and van der Waals forces must be considered to obtain a net energy of an
interaction between two charged surfaces suspended in an aqueous medium. Electrostatic force
mainly governs an interaction at a large separation distance while van der Waals force becomes
profoundly crucial as the separation distance decreases. Electrostatic and van der Waals energy
curves can be plotted as a function of the separation distance, and a resulted net interparticle
interaction energy curve can be constructed.
The net interparticle interaction energy curves consist of primary and secondary minima
(Trefalt & Borkovec, 2014). Addition of an electrolyte species can reduce the thickness of an
electrical double layer (Debye length). This means that the electrostatic repulsive force is
2

screened. Once enough electrolyte is added to the system, the Debye length approaches zero, and
van der Waals attractive force becomes predominant. This induces the particles to fall into the
deep primary minimum; as a result, irreversible aggregates are formed. On the other hand, loose
flocculates are trapped in weak secondary minimum at low concentration of electrolyte, which
makes the system reversible.
Altering the environment of a dispersed system by varying pH also has a significant
impact on aggregation (Bharti et al., 2011). Adsorption of lysosome onto silica nanoparticles can
be modified by altering pH. Addition of a basic compound such as sodium hydroxide (NaOH)
induces lysosome to adsorb onto the surface of the nanoparticles. Lysosome acts as a bridging
agent between silica particles to form heteroaggregates at pH 4-9. Eventually, the presence of
HCl or NaOH will neutralize the charge that particles possess. The point at which a particle is
neutralized, and zeta potential reaches zero is termed isoelectric (Bhattacharjee, 2016). At neutral
point of charge, van der Waals attractive force plays a crucial role in bringing particles to clump
together; therefore, aggregation is most likely to occur between a pH range that corresponds to
isoelectric points.
Formation of aggregates affects colloidal transport, surface activity, and interaction with
surrounding medium. Advanced research in this area provides practical applications to various
fields such as diagnosing blood clotting for patients with heart disease (Xin et al., 2021),
destabilizing particles for water purification (Lin et al., 2013), and designing demulsifier agents
for oil recovery (Elmobarak & Almomani, 2021). In the latter two applications, two or more
particle species are often present due to the nature of their contaminants, which leads to the
formation of heteroaggregates. However, the study of heteroaggregates is limited because of the
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complex variation that arises from particle mixtures that include particle properties, particle to
particle interactions, and particle interfacial activities.
Despite endless applications that nanotechnology has to offer, serious health and
environmental issues regarding exposure to toxicity have concerned the public due to the highly
reactive surface property of nanoparticles (Azimzada et al., 2021). Nanomaterials released to, for
instance, a river can encounter biological receptors and cause harm to them. Heteroaggregation is
likely to occur because of the large presence of natural minerals and varied pH conditions (Hotze
et al., 2010). Moreover, different structures of heteroaggregates may arise due to a wide range of
concentration ratios between nanoparticles and other natural particles.
Industry has been mass-producing graphene oxide nanosheets due to their exceptional
properties such as high thermal and electrical conductivities; hence, contamination of graphene
oxide in the environment is unavoidable. Heteroaggregation of graphene oxide and hematite
nanoparticles was studied (Feng et al., 2017). The results showed that their concentration ratio
had tremendous effects on rates of aggregation and structures of heteroaggregates. Additionally,
many ultrasensitive nanosensors are comprised of gold nanoparticles (Khaliq et al.,
2021),(Pothipor et al., 2021),(Zhao et al., 2019); therefore, possibility of gold nanoparticles
colliding with natural colloids is inevitable. Smith et al investigated heteroaggregation of gold
and hematite nanoparticles (Smith et al., 2015). They found that gold nanoparticles readily
attached to hematite nanoparticles under normal conditions of freshwater, and the maximum rate
of the heteroaggregation depended on the relative concentration of the two nanoparticles and pH.
Thus, understanding parameters that can manipulate heteroaggregation is an effective way to
manifest the fate of nanoparticles in the environment.
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1.2. Environmentally Friendly Lignin and Zein Nanoparticles
Incorporating biocompatible compounds within nanomaterial design has been an active
area of research. Lignin is biodegradable since it is plant derived. Silver nanoparticles with
lignin-core have been created for antibacterial purposes (Richter et al., 2015). Silver is coated
onto lignin-core particles. Once silver ions interact with a targeted cell, they leave lignin-core
behind, which can be safely released to the environment. Methods of synthesizing lignin
nanoparticles with controlled size and surface functionality has been reported (Richter et al.,
2016). Lee et al created a green alternative oil-herding agent by mixing high purity lignin
nanoparticles with pentanol (Lee et al., 2018). They believe that there exists a complex interplay
between surface tension gradient and lateral capillary attraction created by the lignin particles,
which drives particle jamming at the oil-water interface.
Zein is a main protein present in corn and, therefore, biodegradable. Synthesis of zein
nanoparticles with controllable size was previously studied (Feng & Lee, 2016). Zein retains a
high hydrophobicity, which provides high affinity to oil. A porous material made of zein
nanoparticles was also reported as an oil-spill cleanup material (Holley et al., 2021).
Lignin and zein particles are an emerging building block of nanomaterials. Their
precursors are readily available in nature, they are nontoxic to humans and environment, and the
methods of synthesis can easily be completed. Despite their fruitful potentials, the study of
lignin-zein heteroaggregation has never been conducted before. Furthermore, information on
how lignin-zein heteroaggregation behaves at oil-water interface is even more limited.
Here, heteroaggregation of lignin-zein nanoparticles will be studied. The origin of the
aggregate size will be investigated. The parameters of interest are pH, relative size, and
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concentration. The diameter of zein particles will be kept constant at ~130 nm, and the various
diameters of lignin particles, which corresponds to the relative sizes of 1.0, 0.8, 0.6, 0.5, and 0.3,
will be synthesized. Finally, properties of lignin-zein heteroaggregates at oil-water interface will
be explored.
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CHAPTER 2: EXPERIMENTAL PROCEDURE
2.1 Materials
High purity lignin (Lignol Innovations Ltd) extracted from organosolv process and
acetone (VWR, purity ≥ 99.5%) were obtained for synthesis of lignin nanoparticles (NPs). Zein
power from corn (Sigma-Aldrich, purity ≥ 95%) and ethanol (VWR, purity 99.9%) were utilized
to synthesize zein NPs. n-Decane (TCI, purity > 99%), used as the model oil phase in interfacial
tension experiments, was obtained from Sigma-Aldrich. HCl and (NaOH) solutions were used to
adjust the pH of all sample solutions.
2.2 Synthesis of high-purity lignin (HPL) nanoparticles
Lignin nanoparticles were synthesized according to an antisolvent method as reported by
Richter and coauthors (Richter et al., 2016). Lignin completely dissolves in acetone but not in
water, and acetone and water are miscible; hence, the two solvents are ideal for this synthesis.
Once lignin polymer dissolves in acetone, the lignin-acetone solution can be rapidly added to
water. Addition of water induces a flash precipitation of lignin which allows nucleation and
growth of nanoparticles to occur. The lignin nanoparticles are brown in appearance. The
different sizes of HPL particles can be achieved by using two methods: rate of water addition and
an initial amount of lignin in acetone. In this work, varying the initial amount of lignin in acetone
is chosen as a method to synthesize different sizes of particles.
Figure 2.1a. illustrates the synthesizing procedure. In short, lignin amount ranging from
0.015 to 0.40 g was dissolved in 10 mL of acetone. The acetone solution was then rapidly poured
into 92 mL of deionized (DI) water and allowed to stir for 30 minutes. Undesired large particles
were removed by filtering through a 0.45 um syringe filter. Acetone in the nanoparticle solution
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was removed by dialysis in DI water for 24 h. The final diameters of lignin nanoparticles
obtained were 45, 60, 80, 105, and 133 nm.
2.3 Synthesis of zein nanoparticles
Zein NPs were synthesized using a previously established method as reported by Feng
and Lee (Feng & Lee, 2016). To synthesize zein nanoparticles, 100 mL of 4:1 ethanol:water
solvent was mixed with 0.6 g of zein powder. The solution was then rapidly poured into 150 mL
of DI water with vigorous stirring. The color of the solution appears creamy, which indicates the
formation of zein nanoparticles. Excess ethanol was removed by a rotary evaporator operated at
55oC for 30 minutes. The final removal of remnants of large aggregates was achieved by
centrifugation at 4000 rpm for 10 minutes. Zein nanoparticles with a final diameter of 133 nm
were acquired. Figure 2.1b. summarizes the procedure.
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Figure 2.1. Schematics of the syntheses of lignin (a) and zein (b) nanoparticles. Correlation
function of lignin (c) and zein (e) nanoparticles. Size distribution of lignin (d) and zein (f)
nanoparticles.
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2.4 Aggregate sample preparation.
Zein nanoparticles of a constant diameter were mixed with five different lignin
nanoparticle diameters. The total number of particles maintained constant at 2.95x10 12. The pH
of samples was adjusted with HCl and NaOH and equilibrated for 24 h at 25oC. The size of
particle mixtures was measured using dynamic light scattering (DLS; Brookhaven Instruments)
at a 90o angle.
The principle of DLS relies on particle-solvent molecule collision (Goldburg, 1999).
Particles suspended in a liquid medium constantly collide with the surrounding solvent
molecules enabling the particles to travel freely in any direction within the medium. This random
movement of particles is termed Brownian motion. The translational diffusion coefficient (D)
characterizes the magnitude of Brownian motion defined by the Stokes-Einstein equation
(Edward, 1970):
𝐷=

𝑘𝐵 𝑇
6𝜋𝜇𝑎

where kB is Boltzmann’s constant, T is temperature, μ signifies viscosity of solvent, and a
represents particle’s radius. D and a are inversely proportional to each other; therefore, the
smaller the particle’s radius, the larger the diffusion coefficient, and the faster the particle can
diffuse.
DLS is typically equipped with a laser beam, a photon detector, and a correlator
(Goldburg, 1999). Once the laser beam interacts with particles in a dispersed system, it scatters
off the surface of the particles. The intensity of light scattered is collected by the detector set at a
specific angle. Because particles in a dispersed system are constantly moving due to the presence
of Brownian motion, the intensity of light fluctuates over time. The correlator then uses the

10

information of the time-dependent intensity fluctuation to generate the corresponding diffusion
coefficient, and the size of the particles can be calculated by evaluating the Stokes-Einstein
equation.
2.5 Interfacial tension (IFT) measurement.
A pendant drop of 20 μL nanoparticle solution was created in a 1 cm x 1 cm x 4.5 cm
cuvette filled with decane. The adsorption of nanoparticles was monitored by an optical
tensiometer (Biolin Scientific) equipped with a high-speed camera, which recorded a timedependent reduction of IFT as particle mixtures adsorbed at the oil-water interface. Decane is
used as a model oil phase.
IFT (𝛾) can be measured by evaluating the shape of a pendant drop from the following
equation (Berry et al., 2015):
∆𝜌𝑔𝑅𝑜2
𝛽=
𝛾
where 𝛽 is a shape-dependent bond number, ∆𝜌 is density difference, and 𝑅𝑜 is droplet
dimension. Figure 2.2 displays a schematic of a pendant drop with all parameters included.
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Figure 2.2 Schematic of a pendant drop (Berry et al., 2015).

𝛽 can be found by solving the Young-Laplace equation expressed in three dimensionless
differential equations (Berry et al., 2015):
𝑑𝜑
𝑠𝑖𝑛𝜑
= 2 + 𝛽𝑧 −
𝑑𝑠
𝑟
𝑑𝑟
= 𝑐𝑜𝑠𝜑
𝑑𝑠
𝑑𝑧
= 𝑠𝑖𝑛𝜑
𝑑𝑠
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CHAPTER 3: RESULTS AND DISCUSSION
3.1 Heteroaggregation of lignin-zein nanoparticles
Parameters associated with the formation of heteroaggregation of lignin-zein particle are
investigated by conducting three sets of experiments. The first set of experiments focuses on
establishing the relationship between pH and particle stability. The second set of experiments
explores the effects of lignin particles of various sizes on heteroaggregation. The third set of
experiments examines the effects of particle concentration on the structures of heteroaggregates.
Graphical results are displayed, and the interpretation of the results is elaborated in this chapter.
3.1.1 Effects of pH
To investigate particle stability in relation to pH, samples containing zein and lignin
particles were prepared, and their pH was adjusted accordingly by the addition of HCl and
NaOH. For simplicity, parameters termed relative size of nanoparticles, R, (𝑅 =
𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑙𝑖𝑔𝑛𝑖𝑛 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑖𝑔𝑛𝑖𝑛 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑧𝑒𝑖𝑛 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑧𝑒𝑖𝑛 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

) and relative number of particles, n, (𝑛 =

) are

used to describe the system. In this experiment, the diameters of zein and lignin particles were
fixed at 130 nm, which corresponded to R=1. All samples also contained equal number of lignin
and zein particles, which could be represented by n=1. Next, the resulted size of particle mixtures
was monitored by DLS. The size of particle mixtures obtained was ~140 nm at the pH range of
5.9 to 10. This indicated that no aggregate was formed within this pH range. The same
phenomenon was observed when both species were at pH 2 and lower. On the contrary, the size
of particle mixtures increased significantly at a pH range equivalent to pH 2.1 to 5.9. This
signified the formation of heteroaggregates. The graph of aggregate size plotted as a function of
pH in Figure 3.1b summarizes these behaviors.
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Figure 3.1 Effects of pH on the formation of heteroaggregates. (a) The change in zeta potential of
pure lignin and zein nanoparticles is plotted as a function of pH. (b) The change in aggregate size
is also showed as a function of pH. (c) The picture of actual sample vials is included for
observation.
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To determine the origin of aggregate size with respect to pH, zeta potentials of pure
lignin and zein nanoparticles were measured as a function of pH by using DLS. The results are
displayed in Figure 3.1, where the change of zeta potential is plotted as a function of pH. The
isoelectric point of lignin particles was at pH 2.1. At pH<2.1, lignin particles were weakly
positively charged, whereas, at pH>2.1, they were strongly negatively charged. Zein particles
remained negatively charged at high pH until they reached the isoelectric point at pH 5.9 then
became positively charged at pH<5.9.
The evolution of charge fluctuation can be attributed to the dissociation of acid and base.
Once HCl dissociated in water, a positive hydrogen ion was created, and this positive ion
adsorbed onto the surface of the particles making the particles more positively charged. A similar
process occurred when a basic compound was present with particles suspended in water. NaOH
dissociated in water and generated a negative hydroxide ion; as a result, the hydroxide ion
adsorbed onto the surface of the particles which made the particles more negatively charged.
pH ranges of 0 to 2 and 5.9 to 10 were free of aggregates because the primary interaction
in these regions was electrostatic repulsion between lignin and zein particles. When charges of
the two components were both negative or both positive, the particles repelled each other;
therefore, they were able to maintain their stability. Large heteroaggregates were formed when
pH fell within the isoelectric points, because the predominate interaction was electrostatic
attraction since lignin and zein particles carried opposite charges.
In summary, the charges of lignin and zein particles suspended in an aqueous medium
change upon the addition of an acidic or a basic compound. pH is a major parameter that dictates
the occurrence of heteroaggregates. The electrostatic attraction is the main governing force that
15

causes heteroaggregation to arise at a pH range that resulted in oppositely charged particles.
Conversely, the stability of the particles exists between the pH range that results in similarly
charged particles because the electrostatic repulsion force repels the particles and prevents them
from clumping. pH has a tremendous effect on surface charge and stability of particles.
Moreover, by understanding the effect of pH on particle stability, one can utilize this knowledge
to systematically control the aggregate size.
3.1.2 Effects of relative size of particles
The next parameter of interest is the relative size of lignin to zein particles. In this part of
the experiment, the size of zein particles was fixed at ~130 nm, and R was varied to 0.3, 0.5, 0.6,
0.8, and 1.0. This R corresponded to the sizes of lignin particles 45, 60, 80, 105, and 130 nm,
respectively. n was fixed at 1.0. pH of all samples was maintained constant at 4.6 since the
maximum difference in zeta potential occurred at this pH. Large aggregates were formed in all R
as shown in Figure 3.2a, and Figure 3.2b shows the corresponding correlation function obtained
from DLS. The picture of the actual vials is provided in Figure 3.2c. According to Figure 3.2c,
the color of the aggregates turns to a creamy color as R decreases. The creamy color signifies the
presence of zein nanoparticles as previously mentioned in Chapter 2.3.
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Figure 3.2. The change of aggregate size in relation to R at pH 4.6 and n=1 (a). Correlation
function obtained by DLS at different R (b). The picture of aggregates of all R at n=1 (c).
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Lignin and zein particles are oppositely charged at pH 4.6; hence, the predominant force
between the two species is always electrostatic attraction regardless of different sizes of lignin
particles. At R =1, a negatively charged lignin particle attaches to another positively charged zein
particle, and this dimer further attracts other lignin and zein particles together as the aggregate
size is growing. In this case, coprecipitation of lignin and zein particles occur by means of
electrostatic attraction. Additionally, the colors of aggregates at R=1 are both creamy and brown,
which further indicate the formation of large zein and lignin aggregate structures as displayed in
Figure 3.2c.
At R<1, smaller lignin particles are also electrostatically attracted to zein particles. The
aggregates enlarge as lignin particles act as an electrostatic bridging agent between zein particles.
According to Figure 3.2c, the only color of the aggregates formed at R=0.3, 0.4, 0.6, and 0.8 is
creamy, which confirms that they mainly consist of large clusters of zein particles.
The contribution from van der Waals attraction is negligible since the particle do not
interact at a short-range distance. The separation distance between lignin particles equals to the
diameter of a zein particle, and the separation distance between zein particles equals to the
diameter of a lignin particle. These distances are large enough to suppress the van der Waals
attractive force from having any major effects on aggregation.
3.1.3 Effects of relative concentration of particles
The last parameter of interest is the relative concentration of particles, n. The experiment
begins by varying n at R=1. The pH is fixed at 4.6. At n=0.1, an immediate increase in aggregate
size is observed, and the maximum aggregate size occurs at n=1. As the number of lignin

18

particles increases, the aggregate size gradually decreases. The results are shown in Figure 3.3a.
Figure 3.3b depicts the appearance of the aggregates formed.
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Figure 3.3 Effects of relative number of nanoparticles on heteroaggregates at R=1. (a) The
change of aggregate size is plotted as a function of n. The maximum size of aggregates occurs at
n=1. The picture of the actual sample vials displays the formation of the aggregates.

According to Figure 3.3b, a turbid color in the bulk solution is observed only when
n=0.1, which indicates that stable zein particles are present in the bulk solution. This can be
explained by the fact that lignin particles are unable to neutralize and act as a bridging agent to
all zein particles since the number of lignin particles is 10 times less than the number of zein
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particles. The color of the aggregates formed is also turbid, which confirms that the majority of
the aggregates contain zein particles.
As n increases, the color of the aggregates appears to be more brown as expected because
more lignin particles are electrostatically attracted to the surface of the zein particles. From n=0.1
to n=8, flocs of aggregates continue to appear until n=10. At n=10, the appearance of aggregates
changes to fine power like solids indicating the presence of a smaller structure of aggregates. The
presence of the smaller structure suggests that the system is more stable as more lignin particles
are introduced. This is further confirmed as n increases to 50, where no sedimentation of solid is
observed.
The effects of relative concentration of lignin to zein particles are also investigated at
different R. Figure 3.4 illustrates the results obtained from DLS. The aggregate size reaches
maximum at n=1 and decreases as more lignin particles are added to the system at all R. At high
n ratio, it is more likely that a zein particle finds itself surrounded by other lignin particles rather
than other zein particles simply because of the larger presence of lignin particles in the solution.
Furthermore, it is assumed that, once a zein particle encounters a large number of lignin
particles, the surface of the zein particle is covered with lignin particles. The adsorption of
negatively charged lignin particles makes the entire structure negatively charged. This zein corelignin shell structure is stable against further aggregation. Similar findings have been reported in
literature. Spruijt et al studied oppositely charged polystyrene particles and found that, at a 1:20
particle ratio, a core-shell structure was formed (Spruijt et al., 2011).

20

Figure 3.4 The change of aggregate size as a function of n at different R values. The largest
aggregate size is observed at n=1.

3.2 Heteroaggregation of lignin-zein nanoparticles and oil-water interfacial tension
3.2.1 Effects of heteroaggregation on oil-water interface
Effects of the heteroaggregates on the property of oil-water interface are investigated by
conducting an IFT study. Three different samples of n=0.1, 6, and 10 at R=0.4 were selected. A
pendant drop of each sample was submerged in decane. The change in IFT was recorded by a
tensiometer equipped with a high-speed camera. The IFT of decane-pure water is 52 mN/m
(Zeppieri et al., 2001). The reduction in IFT as a function of time is obtained in all three samples
due to the adsorption of aggregates onto the interface. The result is shown in Figure 3.5a.
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Figure 3.5 The change of interfacial tension as a function of time. Interfacial tension of decanewater containing aggregates for R=0.4 is investigated at three different n (a). The lowest
interfacial tension observed occurs at n=6.0. Interfacial tensions of all n are measured at n=10
(b). All samples equilibrate within 5000 seconds. The interfacial tension is independent of R.
The dashed line indicates the IFT of decane-pure water.
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The reduction in IFT caused by the adsorption of nanoparticles has been previously
reported (Ravera et al., 2006). As soon as the pendant drop is created in the oil phase, the
nanoparticles diffuse to the interface due to the presence of nanoparticle concentration gradient
between the interface and the bulk. When a particle adsorbs onto the interface, the area at the
interface is displaced by the particle, which in turn reduces the contact area between oil and
water. As a result, the IFT and free energy at the interface (ΔE) decrease (Hua et al., 2018). The
change of free energy associated with particle adsorption can be expressed by this equation (Hua
et al., 2018):
2
∆𝐸 = −𝜋𝑟𝑁𝑃
𝛾𝑂𝑊 (1 ± 𝑐𝑜𝑠𝜃𝑜𝑤 )2

where rNP, γOW, and θOW represent radius of the particle, IFT of oil-water, and particle-fluid
contact angle, respectively. Only particles that are partially hydrophobic can adsorb at the
interface (Zhang et al., 2017). Since the two particles of interest are partially hydrophobic, they
are able to adsorb at the interface. Therefore, it can be inferred that the reduction of IFT observed
in the mixture of lignin-zein nanoparticles is caused by the adsorption of the heteroaggregates
onto the oil-water interface.
Particle size plays an essential role in determining the free energy of adsorption onto the
2
interface. ΔE is directly proportional to 𝑟𝑁𝑃
. The energy of attachment increases two orders of

magnitude as the size of each nanoparticle increases. This energy can reach to several kBT,
which makes the adsorption of nanoparticles onto the interface irreversible (Binks, 2002).
Because of this reason, nanoparticles serve as a better oil-water interfacial stabilizer than
molecular surfactants that are much smaller in size. In this work, the size of aggregates is much
larger than particles; therefore, ΔE of aggregates is anticipated to be significantly higher that ΔE
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of particles. This allows the aggregates to potentially provide a unique stability feature to the
interface.
To test the effects of aggregates containing different relative sizes of the particles on the
interface, IFT of all five R was measured at n=10. The IFT of all samples reaches equilibrium at
20 mN/m as shown in Figure 3.5b. The reduction of IFT signifies the adsorption of aggregates.
The similar equilibrium IFT of all samples may be attributed to an error in sample preparation
such as an excessively high concentration of aggregates in the samples, which saturates the
adsorption sites at the interface. Further experimentation should be conducted at a low
concentration of aggregates to confirm this behavior. Nevertheless, the free energy of aggregate
adsorption of each sample is expected to be different since it contains aggregates of different
sizes. This gives rise to various stages of interfacial stability, which can be characterized by
performing an interfacial dilational rheology experiment.
3.2.2 Effects of heteroaggregation on interfacial dilational rheology
Interfacial dilational rheology experiments were performed on a tensiometer equipped
with a pulsating drop module. In this module, a drop of an aqueous solution is created in a
cuvette filled with decane, and an automatic liquid dispenser oscillates the volume of a droplet at
a specific frequency.
When the liquid dispenser increases the volume of a droplet, the area of the droplet
surface is expanded, the contact area between oil and water at the interface is increased, and,
thereby, the interfacial tension is increased. On the other hand, when the volume of a droplet is
decreased, the area of the droplet surface is compressed, the contact area between oil and water
at the interface is reduced, and the interfacial tension is decreased. The degree of droplet stability
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is quantified by dilational viscoelasticity (ϵ). ϵ can be defined by the following equation (Ravera
et al., 2010):

𝜖=

∆𝛾
exp (𝑖Φ)
∆𝐴/𝐴𝑜

where Δγ is the amplitude of IFT, ΔA is the amplitude of the oscillating area, A o is the initial
area of a droplet, and Ф represents the phase shift between the IFT and area. In general, the
higher the ϵ, the more stable the system. Figure 3.6 depicts all parameters required to evaluate ϵ,
which can be empirically obtained from the tensiometer.

Figure 3.6 A typical response of a droplet oscillatory for analyzing interfacial dilational
rheology.

The volume of a droplet corresponding to R=1.0 in Figure 3.5b was oscillated at several
frequencies ranging from 0.01-10 Hz. The resulting ϵ is plotted as a function of frequency as
illustrated in Figure 3.7. The change in ϵ at different frequencies is related to the mechanical
property of the film created by the adsorption of aggregates. ϵ remained approximately constant
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at low frequency, which suggests that the film created by aggregates behaves as a rigid body
rather than elastic at this frequency. As the frequency increases to 8 Hz, ϵ increases dramatically,
which indicates that the film expresses a highly elastic behavior. Thus, an adsorption layer
behaves uniquely in response to different frequencies.

Figure 3.7 The change in dilational viscoelasticity as a function of frequency at R=1 and n=10. A
sharp increase in ϵ is observed at high frequencies.

Film formation created by the adsorption of nanoparticles at the oil-water interface has
been previously reported (Lee et al., 2018), (Whitby et al., 2012). According to Whitby et al., an
increase in ϵ was observed at a low frequency range (0.01-0.1 Hz). They also found that higher
values of ϵ were obtained in a system with silica particles mixed with octadecylamine surfactants
as opposed to a system containing octadecylamine surfactants alone due to the irreversible
adsorption of the particles driven by their large free energy of attachment (ΔE) (Whitby et al.,
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2012). Therefore, a significantly high ϵ found in this work can possibly be attributed to an even
larger ΔE caused by the adsorption of macrostructures of aggregates.
To investigate the viscoelasticity of aggregates containing different relative sizes of the
particles on interfacial dilational rheology, the volume of samples corresponded to R=0.3, 0.4,
0.6, and 0.8 in Figure 3.5a were oscillated at 10 Hz since the preliminary result in Figure 3.7
showed that the aggregate film responded the strongest at this frequency. Figure 3.8 shows the
change in ϵ increases as R increases. The aggregates of R=0.4 is smaller than the aggregates of
R=0.3 as depicted in Figure 3.4, which explains why ϵ of R=0.4 is lower than ϵ of R=0.3.
Therefore, it can be concluded that a larger size of aggregates produces a more elastic film. It
remains to be seen how such elasticity would impact the emulsion formed by the decane-water
mixture containing the lignin-zein heteroaggregates.

Figure 3.8. The change in dilational viscoelasticity, ϵ, as a function of the relative size of
particles, R. ϵ increases as the aggregate size increases.
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CHAPTER 4: CONCLUSION AND FUTURE WORK
We have established parameters that manifest the fate of heteroaggregation of lignin-zein
nanoparticles in this thesis. pH plays a crucial role in manipulating the charge of particles
suspended in an aqueous medium. Measuring zeta potential as a function of pH of each pure
component is an effective way in predicting the stability of particles and the likelihood of
heteroaggregate formation. Particles express high stability when they possess alike charges.
Conversely, heteroaggregates are formed when the particles are oppositely charged. A high
relative concentration and relative size of lignin to zein particles gives rise to a core-shell
structure that is stable against the formation of aggregates.
Heteroaggregates were able to adsorb at the oil-water interface and reduce IFT. The
droplet oscillatory was performed to determine the viscoelastic property of the interfacial film
formed because of heteraggregate adsorption. The results found in this work suggested that large
aggregates were able to produce a more stable interfacial film than small aggregates. The
interfacial film made of aggregates behaves as a rigid barrier from 0.1-7 Hz and an elastic barrier
at higher frequencies.
The frequency-specific response of the interfacial film should be explored more in future
work. Due to the limitation of the tensiometer, the highest frequency performed here was 10 Hz.
Thus, it is unknown how the film will behave at a frequency higher than 10 Hz. In addition,
adsorption of aggregates at low concentration requires further investigation.
Understanding more parameters that impact the property of the interfacial films can
imprint a promising application in stabilizing the oil-water interface. Researchers have been
creating one dimensional nanofilms through adsorption of nanoparticles onto oil-water interface
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(Hu et al., 2012). Further investigation on self-assembly of nanofilm of lignin-zein aggregates at
oil-water should be conducted to explore the mechanical property of the film, which may be
applied to create novel membranes or an emulsion stabilizer agent.
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